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A PRELIMINARY TRAJECTORY STUDY FOR LAUNCH FROM 
THE MARTIAN SURFACE I N T O  ORBITS ABOUT THE PLANET 

SUMMARY 

A preliminary t r a j e c t o r y  study w a s  performed t o  determine the  
c h a r a c t e r i s t i c  ve loc i ty  requirements and optimum thrust-to-weight r a t i o s  
f o r  launch of a s ingle  stage vehicle from the Martian surface i n t o  
various o r b i t s  about t he  planet. The t r a j e c t o r y  consisted of a launch 
burn phase, a long suborb i ta l  coast phase, and an i n i t i a l  o r b i t  c i rcu lar -  
i z a t i o n  phase. Subsequently, a maneuver w a s  i n i t i a t e d  t o  t r a n s f e r  t o  a 
higher a l t i t u d e  where a c i rcu lar iza t ion  i n t o  the  f i n a l  o r b i t  w a s  performed. 
Trajectory computations were made on the  IEM-7094 d i g i t a l  computer using 
a two-dimensional p a r t i c l e  t r a j ec to ry  program. 

Results of the  study a r e  presented i n  a s e r i e s  of p l o t s  showing 

The r e s u l t s  
minimum c h a r a c t e r i s t i c  ve loc i t i e s  and optimum thrust-to-weight r a t i o s .  
Optimum launch burn and coast  times are a l s o  presented. 
ind ica te  the  presence of an optimum i n i t i a l  o r b i t  a l t i t u d e  i f  t r a n s f e r s  
t o  higher o r b i t s  a r e  made. 

INTRODUCTION 

As a par t  of the  e f f o r t  t o  determine the  mission requirements f o r  
fu tu re  manned spacef l ight  programs, t he  Advanced Spacecraft Technology 
Division i s  conducting a continuing study of manned roundtr ip  missions 
t o  Mars. One phase of t h i s  study is a s e r i e s  of t r a j e c t o r y  analyses t o  
determine the ve loc i ty  requirements f o r  these missions. These requirements 
form the  bas is  f o r  se lec t ion  of mission p ro f i l e s  and the  design of t he  
spacecraf t  and i t s  subsystems. 

This repor t  describes the r e s u l t s  of a t r a j e c t o r y  study of a s ingle  
s tage  spacecraf t  launched from the Martian surface i n t o  various o r b i t s  
about t he  planet.  The primary purpose of t h i s  study w a s  t o  determine 
the  optimum thrust-to-weight ratios and minimum c h a r a c t e r i s t i c  ve loc i ty  
requirements t o  e s t a b l i s h  these orb i t s .  Since the  Mars launch might be 
accomplished with any one of a var ie ty  of d i f f e ren t  propulsion systems, 
a secondary purpose w a s  t o  invest igate  the  e f f e c t s  of s p e c i f i c  impulse. 
The study w a s  based on a mission prof i le  consis t ing of the e ight  phases 
i l l u s t r a t e d  i n  f igu re  1 and consisted of a de ta i l ed  ana lys i s  of the  
following s ix  phases: 

1. Launch 



~ 

2 

2.  

3 .  

4. 

5. 

6 .  

Suborbital coast  

I n i t i a l  o r b i t  c i r cu la r i za t ion  

T r a n s f e r  t h rus t ing  

Transfer t o  high a l t i t u d e  

Final  orbit c i r cu la r i za t ion  

The results of the study are presented i n  a s e r i e s  of p l o t s  showing 
the  e f f e c t s  of launch burn time and coast  time on c h a r a c t e r i s t i c  ve loc i ty  
and thrust-to-weight r a t io .  
from the i n i t i a l  t o  f i n a l  o r b i t  a r e  shown. 
shows the var ia t ion  of t o t a l  cha rac t e r i s t i c  ve loc i ty  and optbum i n i t i a l  
o r b i t  a l t i t ude  with f i na l  o r b i t  a l t i t u d e .  
spec i f i c  impulse on cha rac t e r i s t i c  veloci ty ,  optimum launch burn time, 
and optimum coas t  time are a l s o  presented. 

Charac te r i s t ic  v e l o c i t i e s  f o r  the t r a n s f e r  
A curve i s  presented that  

Curves showing the  e f f e c t  of 

SYMBOLS 

2 A Area, f t  

Mach number corresponding t o  maximum drag coef f ic ien t  % 
a A mach number grea te r  than 43 
B Drag coef f ic ien t  a t  Mach number % 

Drag coe f f i c i en t  a t  Mach number a ca 

Drag coef f ic ien t  cD 

L i f t  coef f ic ien t  cL 

cL a 

-1 Slope of the  CL versus a curve, rad ian  

Atmospheric pressure f a c t o r  c1 

D Drag, lbs 



3 

. 

I .  

e 

f 

f /w 

h 

ISP 

KO 

L 

M 

m 

P 

S 

t 

V 

a 

P 

e 

P 

Q 

2.71828 

Thrust, l b s  

Thrust-to-weight r a t i o  (ear th)  

2 Acceleration of gravity,  f t / s e c  

Alti tude,  f t  or n. m i .  

Specific Impulse, sec 

Subsonic drag coeff ic ient  

L i f t ,  l b s  

Mach number 

Mass of vehicle, slugs 

2 Pressure, l b s / f t  

2 Dynamic pressure, l b s / f t  

Radius, f t  

Surface range, f t  

Time, sec 

Velocity, f t / s e c  

Angle between vehicle axis and ve loc i ty  vector, radians 

Atmosphere decay fac tor ,  ft" 

-le between ve loc i ty  vector and l o c a l  v e r t i c a l ,  deg 

Atmosphere density, s lugs / f t  3 

Central angle between vehicle and launch point, deg 



SUBSCRIPTS 

e Effect ive or  e x i t  

P Planet  

va c Vacuum 

0 I n i t i a l  o r  planet  surface conditions 

ANALYSIS 

Trajectory Program 

Trajectory computations f o r  a l l  phases of the  study were accmplished 
with a two-dimensional d i g i t a l  computer program. The program performed 
numerical in tegra t ion  of the equations of motion of a p a r t i c l e  moving 
under the influence of t h rus t ,  drag, l i f t ,  and g rav i ty  over a spher ica l  
non-rotating planet.  The force vectors  and reference parameters a r e  
i l l u s t r a t e d  i n  f igure  2 and the equations of motion a r e  described i n  the  
appendix. 

The vehicle was assumed t o  have drag c h a r a c t e r i s t i c s  t yp ica l  of an 
Equations def ining the  drag coe f f i c i en t s  through- Apollo type vehicle.  

out the  f l i g h t  regime a re  presented i n  the  appendix. 

Mars Atmosphere 

The atmosphere used i n  t h i s  study w a s  assumed t o  be of the  
exponential form described by the  equations below: 

rOh 

' r  + h  
0 

P = poe 

and 

where 

p = -1.82230 X ft'l 



Cl = 1.0025323 

r = 10,930,128 f t  

Po = .000258693 l b s  see / f t  

0 

2 4  

2 
= 182 l b s / f t  PO 

The atmosphere used i n  t h i s  study may not agree with the  current  
MSC mean Mars atmosphere because the MSC mean atmosphere w a s  not ava i l -  
ab l e  when the  study began. 

Trajectory P ro f i l e  

The t r a j e c t o r y  p r o f i l e  consisted of the e ight  phases described 
below and presented p i c t o r a l l y  i n  f i gu re  1. 

Launch.- The vehicle was f lown v e r t i c a l l y  f o r  the f i r s t  e ight  seconds 
a t  which time a small angle of a t tack  w a s  i n i t i a t e d .  This angle w a s  
increased l i n e a r l y  t o  2 maximum value a t  1 2  seconds and w a s  held constant 
f o r  24 seconds. 
zero a t  40 seconds a f t e r  l i f t o f f .  
the  vehicle  w a s  flown a t  zero angle of a t t a c k  (g rav i ty  tu rn ) .  

The angle of a t t ack  w a s  then  decreased l i n e a r l y  t o  
During the  r e m i n d e r  of t h i s  phase 

Suborbi ta l  Coast. - A t  the  end of the launch phase the vehicle w a s  
allowed t o  coast  with only aerodynamic and g rav i ty  forces  ac t ing  on it. 
The time of the suborbi ta l  coast phase w a s  optimized i n  conjunction 
wi th  the launch burn time t o  e s t ab l i sh  the mzximum payload del ivered t o  
var ious o r b i t s  about the planet .  

I n i t i a l  Orbit Circular izat ion.-  The t h i r d  phase w a s  the  powered 
port ion of the t r a j e c t o r y  necessary t o  e s t a b l i s h  the c i r c u l a r  o r b i t  
conditions a t  the  desired i n i t i a l  o r b i t  a l t i t u d e .  This c i r cu la r i z ing  
por t ion  w a s  flown with an angle of  a t t ack .  The angle w a s  increased 
uniformally from zero a t  ign i t ion  t o  a maximum value 20 seconds l a t e r .  
This value was  maintained u n t i l  engine shutdown a t  c i r c u l a r  o r b i t  
conditions.  

I n i t i a l  Orbit Coast.- NO analysis  was conducted f o r  t h i s  phase. 

Transfer In jec t ion . -  The angle of a t t a c k  w a s  var ied t o  maintain a 
hor izonta l  f l i g h t  path angle throughout th rus t ing .  

Transfer  To High Alt i tude.-  This phase was a coast ing transfer from 
i n i t i a l  o r b i t  t o  the f i n a l  desired o r b i t  a l t i t u d e  and included g rav i ty  
and drag losses .  
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Final  Orbit Circularization. - The ve loc i ty  required t o  c i rcu lar ize  
i n t o  the f i n a l  o r b i t  w a s  applied impulsively. 

Final  Orbit Coast.- No analysis  w a s  conducted f o r  t h i s  phase. 

Thrust - t 0- We i g h t  R a t  i o  Study 

The charac te r i s t ic  ve loc i ty  requirements and optimum thrust- to-  
weight r a t i o s  were determined f o r  ascent i n t o  i n i t i a l  c i r c u l a r  o r b i t s  
of 75, 100, 150, and 200 naut ica l  miles around Mars. The launch burn 
times, coast times, and burn times necessary t o  c i rcu lar ize  the i n i t i a l  
o r b i t s  were optimized f o r  various f/w’s t o  e s t a b l i s h  the maximum payload 
t o  each of the i n i t i a l  c i r c u l a r  o r b i t  a l t i t u d e s .  These payloads were 
then plotted t o  e s t a b l i s h  the optimum f / w  for each a l t i t u d e .  
requirements f o r  t ransfers  from these i n i t i a l  o r b i t s  t o  c i r c u l a r  o r b i t s  
as high as 1,000 n. m i .  were obtained. 

Velocity 

The ef fec t ive  spec i f ic  impulse used i n  a l l  charac te r i s t ic  ve loc i ty  
calculations was found t o  be bes t  obtained as follows: 

I + 41 
- - s P O  ‘Pvac 

5 I 
‘’e 

All spec i f ic  impulses re fer red  t o  i n  t h i s  report  are vacuum values 
unless otherwise specified.  

Optimization of the launch parameters was accomplished as out l ined 
of 386.5 sec. below. This optimization was conducted assuming an I 

“Pvac 

f. Select an i n i t i a l  o r b i t  a l t i t u d e  

2. Select a f/w 

3 .  Select a launch burn time 

4. Obta in  the burnout weight f o r  a s e r i e s  of coast  times 

5 .  Repeat s teps  3 and 4 f o r  a s e r i e s  of launch burn times 

6 .  Perform steps 2 through 5 f o r  a s e r i e s  of thrust-to-weight r a t i o s  

7. Perform steps 1 through 6 f o r  a l l  desired a l t i t u d e s  

By select ing the coast time from s t e p  4 that y ie lds  the maximum 
weight i n  orb i t ,  the opthum coast time f o r  a given launch burn time a t  
a specified f /w and a l t i t u d e  was obtained. 
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Step 5 resu l ted  i n  a launch burn time that del ivered the maximum 
weight t o  o rb i t .  
coast  times were determined f o r  a given f / w  and a l t i t u d e .  

From s teps  4 and 5 optimum launch burn and optimum 

Results of s t ep  6 were graphs of launch parameters (that is ,  
c h a r a c t e r i s t i c  veloci ty ,  optimum launch burn time, optimum coast time, 
and c i r cu la r i ze  burn time) versus thrust-to-weight r a t i o .  The f / w  
r e su l t i ng  i n  minimum cha rac t e r i s t i c  ve loc i ty  was  chosen from these 
graphs. 

From s t ep  7 optimum launch parameters were obtained f o r  several  
i n i t i a l  o r b i t  a l t i t u d e s .  

Data from the r e s u l t s  of a study conducted simultaneously w e r e  
used t o  determine the  cha rac t e r i s t i c  ve loc i t i e s  necessary f o r  e l l i p t i c a l  
t r a n s f e r s  from the  i n i t i a l  c i rcu lar  o r b i t s  t o  the f i n a l  c i r c u l a r  o r b i t s  
a t  higher a l t i t u d e s .  Drag and gravi ty  losses  were included i n  the  
non-impulsive th rus t ing  employed t o  i n i t i a t e  these t r ans fe r s .  These 
lo s ses  were a l s o  included f o r  the t r a n s f e r  maneuver. A kick impulse was 
used t o  c i r cu la r i ze  the  o rb i t  at apoapsis of the t r a n s f e r  t r a j ec to ry .  

Specific Impulse Study 

Specific impulse e f f e c t s  on c h a r a c t e r i s t i c  veloci ty ,  optimum launch 
burn time, optimum coast time, and c i r c u l a r l i z e  burn time were studied 
i n  a second phase of t h i s  analysis.  
was s imi la r  t o  that used i n  t h e  f/w study. 
by the  var iable  I 

was the  same as that out l ined previously. No attempt was made t o  
optimize the  f / w  a t  the  various I 

were investigated.  Optimum launch parameters were p lo t t ed  versus I 

The procedure used i n  t h i s  phase 
The variable f / w  was replaced 

and f / w  was held constant.  The optimization scheme 

e f f e c t s  on t h e  t r a n s f e r s  

SP' 

' s  and no I 
SP SP 

SP' 

RESULTS AND DISCUSSION 

Thrust-to-Weight Rat io  Study 

The results of t h i s  portion of the  study are presented i n  f igu res  3 
through 8. 

Figures 3a through 3d show the var ia t ion  or' c h a r a c t e r i s t i c  ve loc i tyr  
optimum launch burn t h e ,  optimum coast  time, and c i r cu la r i z ing  burn 
time with thrust-to-weight r a t i o  f o r  a vacuum spec i f i c  impulse of 
386.5 see. These f igures  correspond t o  i n i t i a l  c i r c u l a r  o r b i t  a l t i t u d e s  
of 75, 100, 150, and 200 naut ical  miles respect ively.  Tables la  through 
Id a re  t y p i c a l  t r a j e c t o r i e s  for ascent t o  these four  i n i t i a l  o r b i t  
a l t  it ude s . 
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Thrust-to-Weight Ratios.- The minimum c h a r a c t e r i s t i c  ve loc i ty  w a s  
the  c r i t e r i a  used t o  determine the  optimum f / w .  
ranged between 14,695 and 15,221 f t / s e c  f o r  i n i t i a l  o r b i t s  between 
75 and 200 naut ica l  miles. The corresponding optimum thrust-to-weight 
r a t i o s  varied within .918 t o  .871 respect ively.  
p lo t ted  versus i n i t i a l  o r b i t  a l t i t u d e  and are shown i n  f igure  4. 

These minimum v e l o c i t i e s  

These r e s u l t s  were 

Launch Burn Times. - The launch burn time w a s  optimized as previously 
described i n  the ana lys i s  sect ion.  
with f / w  i s  shown f o r  a l l  four  i n i t i a l  o r b i t  a l t i t u d e s  i n  f igu res  3a 
through 3d. The optimum values decrease with increasing f / w  f o r  a l l  
o r b i t a l  a l t i t udes .  The optimum launch burn times corresponding t o  the 
optimum f/w's  a r e  153, 184, 214, and 233 seconds f o r  i n i t i a l  o r b i t  
a l t i t u d e s  of 75, 100, 150, and 200 n. m i .  respect ively.  

The va r i a t ion  of optimum burn time 

Varying the  launch burn time *10 seconds from optimum resu l ted  i n  
approximately a 50 f t / s e c  increase i n  the c h a r a c t e r i s t i c  ve loc i ty  
requirement t o  obtain the  200 n. m i .  o r b i t s .  The ve loc i ty  increase was 
less a t  the lower o rb i t  a l t i t u d e s .  

Suborbital Coast Times.- The method used t o  obtain the  optimum 
suborbi ta l  coast  time w a s  a l s o  described i n  the  ana lys i s  sect ion.  
Optimum coast time w a s  not found t o  be c r i t i c a l .  For example, a 
*25 second deviat ion from the optimum coast time re su l t ed  i n  an increase 
of only 50 f t / s e c  i n  the cha rac t e r i s t i c  ve loc i ty  requirements f o r  a 
75 n. m i .  i n i t i a l  o rb i t .  Suborbital  coast  time was  found t o  be even 
l e s s  sens i t ive  f o r  the  higher i n i t i a l  o r b i t a l  a l t i t u d e s .  

The optimum coast time t rend with f / w  showed some va r i a t ion  with 
i n i t i a l  o rb i t  a l t i t u d e .  For a 75 n. m i .  o r b i t ,  coast  time increases  
with increasing f / w ;  f o r  100 n. m i .  there  i s  p r a c t i c a l l y  no var ia t ion ;  
and f o r  150 and 200 n. m i .  o rb i t s ,  optimum coast time decreases as 
f/w increases.  

For optimum f / w ,  the optimum coast time increases  with increasing 
i n i t i a l  o r b i t  a l t i t u d e .  Figure 5 shows these times t o  be 175, 245, 380, 
and 520 seconds f o r  the a l t i t u d e s  75, 100, 150, and 200 n. m i .  
respect ively . 

I n i t i a l  Circular ize  Burn Times.- The i n i t i a l  c i r cu la r i ze  burn time 
w a s  that time necessary t o  go from conditions a t  the  end of coast  of 
i n i t i a l  c i rcu lar  o rb i t  conditions. The c i r cu la r i za t ion  burn times a t  
optimum f / w  were p lo t ted  against  i n i t i a l  o r b i t  a l t i t u d e  and are shown 
i n  f igure  5 .  

Transfer t o  F ina l  Orbi t . -  Transfers from the  i n i t i a l  o r b i t s  t o  the 
Figure 6 shows the character-  f ina l  orb i t  a l t i t u d e s  were invest igated.  

i s t i c  ve loc i t i e s  required t o  t r a n s f e r  from the  i n i t i a l  o r b i t  t o  the 
f i n a l  o rb i t  a l t i t u d e  and c i r cu la r i ze .  
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Total Character is t ic  Velocity Requirements.- The t o t a l  c h a r a c t e r i s t i c  
v e l o c i t y  requirements were obtained by combining the c h a r a c t e r i s t i c  
v e l o c i t y  required t o  e s t a b l i s h  the i n i t i a l  o r b i t  with those required 
t o  t r a n s f e r  t o  the  f i n a l  o r b i t  a l t i t u d e  and c i rcu lar ize .  The r e s u l t s  
are presented i n  f igure 7 where it i s  seen t h a t  f o r  each f i n a l  o r b i t  
there  i s  an optimum i n i t i a l  o rb i t  a l t i t u d e .  The optimum occurs very 
near 100 n. m i .  f o r  a l l  f i n a l  orbi t  a l t i t u d e s .  Figure 8 gives the t o t a l  
c h a r a c t e r i s t i c  ve loc i ty  requirements and optimum i n i t i a l  o r b i t  a l t i t u d e  
f o r  various f i n a l  o r b i t s .  The t o t a l  c h a r a c t e r i s t i c  ve loc i ty  require- 
ments ranged between 15,173 and 16,850 f t / s e c  f o r  f i n a l  o r b i t  a l t i t u d e s  
between 200 and 1,000 n. m i .  i f  the i n i t i a l  o r b i t  a l t i t u d e s  were 
102.5 and 99.8 n. m i . ,  respectively.  

There e x i s t s  a f i n a l  o r b i t  below which it i s  impractical  t o  make 
t h e  above e l l i p t i c a l  t ransfer .  Below t h i s  a l t i t u d e  the s m a l l  ve loc i ty  
savings obtained by passing through an i n i t i a l  o r b i t  do not compensate 
f o r  t h e  addi t iona l  operational complexity introduced by the presence 
of the t r a n s f e r  maneuver. For example, the  c h a r a c t e r i s t i c  ve loc i ty  
savings f o r  a 200 n. m i .  f ina l  orb i t  i s  approximately 50 f t / s e c .  It i s  
not t h e  i n t e n t  of t h i s  paper t o  define t h e  o r b i t a l  a l t i t u d e  below which 
t h e  use of an i n i t i a l  o r b i t  is  impractical. 

Specific Impulse Study 

The results of the spec i f ic  impulse study are  presented i n  
f i g u r e s  9a through 9d showing charac te r i s t ic  veloci ty ,  optimum launch 
burn time, optimum suborbi ta l  coast time, and i n i t i a l  o r b i t  c i rcu lar ize  
burn time as a function of specif ic  impulse. These r e s u l t s  w e r e  obtained 
using the procedure described i n  the ana lys i s  section. The ana lys i s  
w a s  based on a constant f / w  of 0.828, and the  s p e c i f i c  impulses 
invest igated were 321, 372, 386, 401, and 432 seconds. 
not invest igate  the  t ransfers  frm i n i t i a l  t o  f i n a l  o r b i t s .  

The study did 

Launch Burn Times.- Launch burn time w a s  found t o  increase as I 
SP 

increased f o r  a l l  i n i t i a l  o r b i t  a l t i t u d e s  investigated.  This increase 
was ant ic ipa ted  because increasing the  I reduces the propellant flow 

rate r e s u l t i n g  i n  a lower acceleration. 
SP 

Suborbital  Coast Times.- Suborbital coast  time v a r i a t i o n  with I 
SP 

w a s  found t o  be a function of i n i t i a l  o r b i t  a l t i t u d e .  A t  75 naut ica l  
m i l e s  o r b i t  a l t i t u d e ,  coast time decreased as I was  increased. For 
100 naut ica l  mile o r b i t s  there  was l i t t l e  change. Optimum coast time 
increased with increasing specif ic  impulse at 150 and 200 naut ica l  
m i l e  o rb i t s .  

SP 
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Circularize Burn Times. - Circularizing burn time showed no 
p a r t i c u l a r  pa t te rn  except that i t s '  var ia t ion  with I was  small. 

SP 

Character is t ic  Velocity Requirements.- A t  the higher I I s ,  it w a s  
SP 

expected t h a t  the higher grav i ty  losses  combined with the  lower drag 
losses  would r e s u l t  i n  a l a r g e r  c h a r a c t e r i s t i c  veloci ty .  However, 
charac te r i s t ic  ve loc i ty  requirements were found t o  decrease with 
increasing I 

f o r  launch i n t o  a 150 n. m i .  i n i t i a l  c i r c u l a r  o r b i t .  Losses due t o  the 
angle of a t tack a r e  not included because they are small and near ly  equal 
f o r  both cases. 

Table I1 compares I ' s  432 sec and 321 sec t r a j e c t o r i e s  
SP' SP 

Examination of the t a b l e  reveals  that the drag losses  a r e  less f o r  
the higher I 

t o  the lower accelerat ion of the  higher I vehicle.  

but only by 56 f t / sec .  This difference was a t t r i b u t e d  
SP' 

SP 

Gravity losses  for the 432 sec I case were 122 f t / s e c  l e s s  than 
SP 

f o r  the 321 sec I case, because the optimum t r a j e c t o r y  f o r  the high 

I case required a more near ly  horizontal  f l i g h t  path angle than the  

low I case. The f l i g h t  path angle was more near ly  horizontal  f o r  the 

higher I case because the longer burning a l l o t t e d  more time t o  reach 
SP 

the f i n a l  a l t i t u d e .  

SP 

SP 

SP 

The r e s u l t  or' these drag and gravi ty  losses  i s  a lower c h a r a c t e r i s t i c  
ve loc i ty  at the  higher s p e c i f i c  impulse. 

CONCLUSIONS 

An invest igat ion of the launch of a s ingle  s tage vehicle f r o m  the 
Martian surface according t o  the described t r a j e c t o r y  has been completed. 
The following conclusions were obtained from the  r e s u l t s  of the t h r u s t -  
to-weight (fixed I ) study. 

SP 

1. The optimum i n i t i a l  o r b i t  a l t i t u d e  i s  approximately 100 naut ica l  
m i l e s .  

2. The optimum thrust-to-weight r a t i o  i s  .895. 

3. Optimum launch burn and coast times a r e  184 and 245 seconds, 
respectively.  
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4. Launch burn and coast  times a re  not c r i t i c a l .  

5 .  Minimum cha rac t e r i s t i c  ve loc i t i e s  are between 15,180 and 
16,850 f t / s e c  f o r  f i n a l  o rb i t  a l t i t u d e s  between 200 and 
1,000 nau t i ca l  miles. 

The results of t h e  spec i f i c  impulse ( f ixed f / w )  study can be 
summarized as follows. Increasing the spec i f i c  impulse resulted in: 

1. A decrease i n  cha rac t e r i s t i c  ve loc i ty  requirement . 
2. An increase i n  Launch burn time 

3 .  A decrease i n  coast  time f o r  i n i t i a l  o r b i t s  below 100 n. m i .  and 
an  increase i n  coast  time f o r  i n i t i a l  o r b i t s  abave 100 n. m i .  

4. L i t t l e  change i n  c i rcu lar ize  burn time f o r  any given i n i t i a l  
o r b i t  a l t i t u d e .  

Multiple stage vehicle launches remain t o  be invest igated.  
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Trans fe  

F i n a l  o r b i t  
/ c i r c u l a r  i z a t  
\ 

, -/-=- 4 
\ / ,. 0. 

/’ Suborbi t a ? \ , Y F i  nal 
\ / ’  coast / 

on 

o r b i t  

F i g u r e  1.- Vehicle t r a j e c t o r y  diagram. 



s i l e  a x i s  

F i g u r e  2.- Force v e c t o r s  and r e f e r e n c e  parameters 
f o r  an ascent t r a j e c t o r y .  
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APPENDIX 

Equations of Motion 

Basic equations.- The equations of motion used i n  t h i s  ana lys i s  were 
obtained by considering a p a r t i c l e  moving over a spherica.1 non-rotating 
planet under t h e  influence of gravi ty ,  l i f t ,  th rus t ,  and drag. The force  

the  technique of reference 1, forces were summed p a r a l l e l  and perpendi- 
cu lar  t o  the ve loc i ty  vector  t o  obtain the  equations of motion. 

, vectors  and reference parameters a r e  i l l u s t r a t e d  i n  f igure  a. Following 

mi. = f cos a - D - m g  cos 0 

& = f s i n  a + L + mg s i n  0 - mv$ 

(1) 

( 2 )  

I where 
V 4 = - s i n  8 

f - =  f + A (po - p) 

r 

0 e 

( 3 )  

(4)  

m = m  - i n ( t - t o )  
0 

D = C  q A  D 

'/ \ 2 

g = go(>) 



. 
I 

I 
I n  

The equations of motion (1) and (2)  were numerically in tegra ted  t o  
give t h e  ve loc i ty  and f l i g h t  path angle as a function of time. 

Al t i tude  and ground range were then obtained from the following 
in tegra  ti ons : 

h /: COS 8 d t  

s = r./ r 

o t  
v s i n  8 d t  

0 

Drag Equations.- Drag was wried along t h e  t r a j e c t o r y  as follows: 

CD = K 0 O < M < M o  (15) 

where 5, K2, 3, and Mo a r e  constants given 'by 

4 
a (B-Ca) 

(a2 - %2)2 
% = B -  

K 2 = 2 %  2 ( B - K 1 )  

I f  =$%' K2 
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For the present study, the following constants were used 

KO 

% 
B 

a 

C a 

= 0.635 

= 1.4 

= 1.08 

= 4.0 

= 0.705 

= 2 . 8 6 / m  

c 

5541-64 

~ 


